Magnetic resonance imaging (MRI) and functional MRI studies involving n-back spatial working memory (WM) tasks were conducted in adults and children with Fetal Alcohol Spectrum Disorders (FASD), and in age-and sex-matched controls. FMRI experiments demonstrated consistent activations in regions of the brain associated with working memory. Children with FASD displayed greater inferior-middle frontal lobe activity, while greater superior frontal and parietal lobe activity was observed in controls. Control children also showed an overall increase in frontal lobe activity with increasing task difficulty, while children with FASD showed decreased activity. FASD adults demonstrated less functional brain activity overall, but greater inferiormiddle frontal lobe activity during the simpler tasks, relative to controls. Control adults demonstrated greater inferior frontal activity with increasing task difficulty, while this pattern was not consistently observed in FASD adults. All four groups showed increasing activity with increases in task difficulty in the parietal and frontal regions at more superior slice levels. The results suggest impairment in spatial working memory in those with FASD that does not improve with age, and that fMRI may be useful in evaluation of brain function in these individuals. Fetal Alcohol Spectrum Disorder (FASD), the umbrella term that describes the spectrum of ethanol teratogenesis in humans, is a common cause of developmental disability. At one end of this spectrum is the subset of individuals with fetal alcohol syndrome (FAS), and at the other end are individuals with behavioral and cognitive deficits exhibiting minimal or no physical stigmata. The diagnosis of FAS and its spectrum is a challenge, especially in adults and children with ARND, as many of the symptoms are nonspecific and no neurodevelopmental profile has been established. Accurate diagnosis is important since many secondary disabilities could be prevented with appropriate intervention.
The effects of alcohol as a teratogen are well-documented, with prenatal alcohol exposure being associated with diverse and devastating neurodevelopmental deficits (1-4), which can vary depending on when during pregnancy the alcohol was consumed (1) . Children with prenatal alcohol exposure generally have lower intelligence (5) , impairments in language, visual-spatial ability, fine-motor skills, nonverbal learning and academic performance, as well as psychiatric and behavioral problems (6) . Although implicit memory may be spared, problems with explicit memory, affecting recall, may occur (7) . Impairments in executive functions are also frequently seen in individuals with FAS (8), although Kodituwakku et al. (9) suggest that working memory (WM) may be affected to a greater extent than rule learning and response inhibition.
We used functional magnetic resonance imaging (fMRI) to examine patterns of brain activation during a spatial WM task in adults and children with FASD and age-and sex-matched controls. We also used MRI to examine whether quantitative anatomical differences could be observed between these subjects and nonFASD controls.
METHODS
The protocol was approved by the Winnipeg Research Ethics Board and University of Manitoba Research Ethics Board. Subjects were recruited through the Clinic for Alcohol and Drug Exposed Children, physicians' offices and collaboration with Manitoba Child and Family Services. Informed consent was obtained from all subjects over 18 y of age and from parents/legal guardians of minors; written or verbal assent was obtained from all subjects under 18 y of age.
Preparation. Each FASD participant's diagnosis was verified by qualified professionals using a standardized multidisciplinary approach (10) . All participants were introduced to the WM task and the imaging environment before actually performing the experiment.
fMRI tasks and analysis. Functional imaging studies were conducted using a 1.5 T GE Signa LX MRI system. Both children (n ϭ 14, aged 7-12 yr) and adults (n ϭ 10, aged 18 -33 yr) with FASD, and sex-and age-matched (Ϯ 1 yr) control subjects (15 children and 10 adults) participated in the study. Children with FASD were diagnosed with ARND (n ϭ 5), partial FAS (n ϭ 6), or FAS (n ϭ 3); adults were diagnosed with ARND (n ϭ 6), partial FAS (n ϭ 1), or FAS (n ϭ 3).
In a series of n-back tasks, participants indicated, with a button press, the spatial location of a colored circle either during its presentation (n ϭ 0, Simple task), at the end of a brief delay during which blank circles were presented (n ϭ 1, Blank task), or after presentation of one or two additional stimuli (n ϭ 1, One-back task; n ϭ 2, Two-back task). Stimuli were viewed through MR compatible goggles. A total of 56 images were acquired for each experiment, in which 3 activation states were alternated with 4 rest periods. FMRI data were acquired using a gradient echo-echo planar imaging sequence with 64 ϫ 64 matrix, 24 cm field of view, 50 ms echo time, 2 s repetition time, and 21 contiguous 5 mm thick slices oriented parallel to the anteroposterior commissure (AC-PC) line.
Images were converted with programs written in-house using MATLAB (Mathworks Inc., Natick, MA) set to Analyze format. FMRI data were analyzed using Statistical Parametric Mapping (11) by co-registering the images and normalizing them to a standard stereotaxic space using either a pediatric brain template (12) (child participants), or the Montreal Neurologic Institute brain template (adult participants) (13) . The first two images of each series were discarded and data spatially smoothed with an 8 mm full width half maximum isotropic Gaussian kernel. The reference intensity time course was modeled with a simple block design with transitions between rest and task periods convolved with the theoretical hemodynamic response. Significance level for correlations between pixel intensity time courses and the model time course was set at p Ͻ 0.001 for individual fMRI data and p Ͻ 0.01 for individual subtraction data. FMRI maps for the 4 groups were generated using one sample t tests (p Ͻ 0.01). Activation was assessed through volume and intensity of activated pixels in each anatomically-defined brain area. Functional activations were overlaid on one control adult and child T1-weighted anatomical images for comparison of active regions.
Anatomical imaging. Standard imaging sequences were used for anatomical imaging with a 24 cm field of view, 256 ϫ 192 matrix, and 21 contiguous 5 mm thick slices, corresponding to those chosen for the fMRI experiments. Magnetization transfer images were acquired using a spin echo imaging sequence with echo time of 10 ms and repetition time of 500 ms. Magnetization saturation was accomplished using Gaussian pulses with a 1500 Hz offset. The magnetization transfer ratio was calculated using a MATLAB program written in-house, by subtracting the presaturated from saturated image and dividing by the reference scan. Proton density and T 2 images were acquired using a fast spin echo sequence with a dual echo, effective echo time of 85 ms, repetition time of 4 s, and an echo train length of 8, resulting in an acquisition time of just over three minutes. A standard GE spin echo inversion recovery sequence was used to obtain images at two different inversion times (700 ms and 1000 ms), to calculate T 1 maps.
Psychological testing. In addition to completing the n-back tasks, all participants completed three standard psychological tests designed to assess working and strategic memory (Self Ordered Pointing Task or SOPT), vigilance (Continuous Performance Task or CPT), and aspects of executive function (Wisconsin Card Sorting Task or WCST). Control adults had significantly more formal schooling than FASD adults (4.8 y, on average). While the use of standard scores allowed for correction for age and education in the WCST, this group difference poses an interpretational concern for other measures.
RESULTS
N-back tasks. FASD subjects performed very poorly on the Two-back task, suggesting that it was either too difficult or confusing for them. Since this limited our ability to interpret activation patterns in this condition, it was dropped from the data analysis. In addition, to be included in the analyses of any of the behavioral tests, all participants had to achieve a minimum of 50% correct responses on the Simple task, and on at least one of the remaining n-back tasks (Blank or One-back). Using this cut-off, complete data were available for 42 participants: 14 control children (8M:6F), 9 FASD children (3M:6F), 9 control adults (4M:5F), and 10 FASD adults (3M:7F).
Separate 2 (Group) ϫ 2 (Age) ϫ 3 (Task) ANOVAs, with repeated measures on the last factor, were conducted on: (a) percent correct responses, (b) mean latency of correct responses, (c) percent incorrect responses, and (d) percent nonresponses. There were no main effects or interactions involving Age in any of the analyses, suggesting that the pattern of responding was similar for children and adults in each group.
Overall, individuals with FASD made fewer correct responses, had longer mean latencies during correct responses, and showed higher rates of both incorrect-and nonresponding than controls [F(1,38) ϭ 18.81, p Ͻ 0.001, F(1,38) ϭ 6.14, p Ͻ 0.05, F(1,38) ϭ 4.64, p Ͻ 0.05, and F(1,38) ϭ 16.41, p Ͻ 0.001, respectively]. There were also significant Group ϫ Task interactions in three of these analyses (except for analysis of percent incorrect responses). Follow-up (LSD) tests of simple main effects of Task revealed different patterns of responding in FASD and control participants. Controls were very accurate and performed in a consistent manner in all phases of testing, although they did take significantly longer to make correct responses during the One-back task than during the other tasks, F(2,44) ϭ 80.5, p Ͻ 0.001. FASD participants were less consistent, being more accurate in the Blank task than in either the Simple or (especially) the One-back condition [F(2,36) ϭ 13.5, p Ͻ 0.001] (see Fig. 1A ). Their poor performance in the One-back task did not reflect a speed-accuracy trade-off, as mean correct response times were actually longer during this task than during the Blank task [F(2,36) ϭ 24.1, p Ͻ 0.001] (Fig 1B) . They also exhibited high rates of nonresponding during the One-back task [F(2,36) ϭ 6.7, p Ͻ 0.005] (Fig. 1C ). This task also produced the highest rates of incorrect responses for all groups, F(2,76) ϭ 6.59, p Ͻ 0.005 (Fig. 1 D) . sures: total errors, perseverative responses, perseverative errors, nonperseverative errors, and percent conceptual level responses. Number of categories achieved was included as a sixth dependent variable in this analysis. There were no significant main effects or interactions in this omnibus test (Wilks' Lambda criterion).
Wisconsin Card Sorting Test (WCST)
A nonparametric approach was also used to examine performance on the WCST. Each standard score was coded along a four-point scale: 1) average to above-average (Ͼ92), 2) below average (85-91), 3) borderline (70 -84), and 4) deficient (Ͻ70). The number of categories a given participant achieved was also coded on a four-point scale using percentile norms for his/her age: 1) Ͼ16 th percentile, 2) 11 th -16 th percentile, 3) 6 th -10 th percentile, or 4) Ͻ 6 th percentile. Ranked scores for each variable were entered into two sets of Mann-Whitney tests: one comparing FASD and control children, and a second comparing FASD and control adults. Although no differences in performance were observed between the two groups of children, trends (p Ͻ 0.10) toward group differences favoring controls were evident on all measures in adult participants.
Self-ordered Pointing Task (SOPT). Total errors on the SOPT were entered into a 2 (Group) ϫ 2 (Age) ANOVA. A significant main effect of Age, F(1,38) ϭ 5.03, p Ͻ 0.05, revealed that children found the task quite challenging, committing on average 17.6 errors (SD ϭ
Continuous Performance Test (CPT)
the mean latencies of their correct responses were significantly longer than those of controls, F(1,37) ϭ 8.51, p Ͻ 0.01. These results are of interest as they suggest group differences on other measures were unlikely due to group differences in ability to remain on-task.
FMRI. Consistent activations were observed at p Ͻ 0.001 in brain regions associated with WM and attention (dorsolateral (Figs. 2-7) . FMRI results from children. Using the criteria established, only 7 FASD and 13 control children were included in the Simple and One-back subtraction, and only 9 FASD and 14 control children were included in the Simple and Blank subtraction. Representative findings are presented in Fig. 2 , which illustrates regions of fMRI activity for the Blank minus Simple task in two FASD subjects and an age-and sex-matched control. Figure 3 illustrates areas of fMRI activity for the One-back task following subtraction of the Simple task in these same subjects. Table 1 outlines the regions of activity observed and Z-score at a level of p Յ 0.01, in both FASD and control child subjects corresponding to Figs. 2 and 3.
Increased functional activation was observed in the inferiormiddle frontal and orbital gyrus in children with FASD relative to controls. There was also greater activation in the cingulate cortex at the more inferior brain slices in children with FASD compared with controls. At more superior slices, however, control children demonstrated greater cingulate and frontal activations. Control children also displayed greater parietal activity.
Overall, control children showed an increase in frontal lobe activity with increasing task difficulty, while children with FASD showed the opposite effect. At more superior slice levels, however, both groups of children showed increased parietal and frontal activation with increasing task difficulty.
Functional activity maps of grouped data were generated, which include all FASD subjects (n ϭ 9 Blank; n ϭ 7 One-Back) who met the cut-off, and for control children (n ϭ 8 Blank; n ϭ 8 One-Back) who were matched to these subjects in age and sex. One sample t test maps of the grouped data (p Ͻ 0.01) from children are shown in Fig. 6 . Table 3 outlines the regions of activity and Z-score, at a level of p Յ 0.01, in these two groups.
FMRI results from adults. All 10 FASD adults met the inclusion criteria for the Simple and Blank subtraction, but only 6 could be included in the Simple and One-back subtraction. All 10 adult controls were included in both subtractions. Representative findings are presented in Figs. 4 and 5, which shows activations during the Blank minus Simple and One-back minus Simple tasks 
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(respectively) for two FASD subjects and an age-and sexmatched control. Table 2 outlines the regions of activity observed and Z-score at a level of p Յ 0.01, in both FASD and control adult subjects corresponding to the images shown in Figs. 4 and 5. Greater orbital and inferior-middle frontal activation was observed in adults with FASD compared with controls during the Blank task. In general, there was a trend toward greater brain activity with increased task difficulty, but while controls showed this pattern in inferior frontal and orbital brain regions, this pattern was not as consistent in the adult FASD group. Greater parietal and frontal activations were observed with increasing task difficulty in both FASD and control adult groups, at more superior slices. Overall, there was less activation in FASD compared with control adults.
The grouped data were generated for all FASD subjects (n ϭ 10 Blank; n ϭ 6 One-Back) who met the cut-off, and for appropriate age-and sex-matched controls (n ϭ 9 Blank; n ϭ 6 One-Back). Figure 7 illustrates grouped data resulting from a one sample t test (p Ͻ 0.01) of the two adult groups. Table 4 outlines the regions of activity observed and Z-score at a level of p Յ 0.01, in these two groups.
Anatomical MRI. There were no notable differences observed in the anatomical scans between FASD and control subjects (data not shown).
DISCUSSION
While FASD is characterized by diverse behavioral and physical effects, common deficits include problems with impulsivity, attention, executive function and WM. Past research has suggested a strong role for prefrontal cortex, posterior parietal cortex and Broca's area in WM function (14 -19) . As such, we expected that difficulties in WM would be evident in individuals with FASD, and be associated with damage or dysfunction in these brain regions.
Both children and adults with FASD showed increased functional activity in the inferior and middle frontal cortex compared with age-and sex-matched controls, particularly during the Blank task. Children with FASD showed a decrease in inferior frontal cortex functional activity with increasing task difficulty, while control children and adults showed the opposite pattern (see Figs. 2-7) . All subjects demonstrated increased frontal cortex fMRI activity at superior slice levels with increasing task difficulty. Moreover, the adult FASD group also showed greater activation in the superior frontal cortex, relative to their controls. Together, these group differences in activation patterns seen during this test of spatial working memory suggest improper functioning of prefrontal areas in individuals with FASD. In similar 2-back task fMRI studies, control subjects demonstrated activation in the left DLPFC while FASD subjects showed very little activity in this brain region and significantly worse task performance (20) . The differences between FASD and control subjects in frontal lobe activation described above probably contributed to observed group differences in spatial working memory and strategic memory performance observed in the n-back and SOP tasks. It seems unlikely that failure to maintain attention to the n-back tasks contributed to differences in activation patterns, since only mean latency of correct responses was found to show significant difference between FASD and control groups in the CPT. No significant differences were observed between FASD and control subjects in percent correct responses, probability of a hit or probability of a false alarm. The fact that group differences in activation of the frontal lobe were very similar in children and adults also corresponds well with behavioral testing results, in which few significant age-related differences were observed.
The parietal cortex, involved in discrimination, response selection and memory, showed greater activation during the Blank task in control compared with FASD participants. All four groups showed increased parietal fMRI activity at more superior slice levels with increasing task difficulty. This is in agreement with previous studies showing that neuronal activation of prefrontal and parietal cortices increases with greater levels of WM load (14, 15, 17, 18) . Activation in parietal areas has been linked to accuracy and effort required to meet the memory demands of a spatial task (21) .
Other fMRI studies involving similar WM tasks in children and adults have yielded results similar to those reported here. In particular, regions of activity include the right superior frontal gyrus, right DLPFC, right superior parietal cortex and bilateral inferior parietal cortex activations (22) . Positron emission tomography (PET) studies have shown predominantly right hemisphere activation in the frontal cortex (21, 23) , posterior parietal cortex (21) and anterior cingulate (21) of children and young adults, but bilateral activation in older adults (23) . While spatial (n-back) WM tasks activate bilaterally, there are key regions (DLPFC and posterior parietal cortex) that have shown activation predominantly in the right- hemisphere (19) . The current study is in agreement with these findings as activations in adult subjects were mainly either right-hemisphere or bilateral in both frontal and parietal regions for both FASD and control groups. Children with FASD also demonstrated mainly bilateral or right hemisphere activations in the frontal and parietal brain regions, but results from control children were more varied. All subjects also consistently showed activation in the cingulate region, which is involved in affective behaviors, nociception, and executive functions (24) . Its activity, which is modulated by task demands and response selection, has been shown to increase during WM tasks in both children and adults (16, 21, 25) . It has been suggested, however, that these increases (and those seen in extrastriate regions) are more closely linked to the attention demands of WM tasks, than to the memory demands themselves (which have been associated with DLPFC and parietal activations) (21) . Given this, the consistent anterior cingulate activity observed in this study may reflect the fact that participants in all four groups were paying attention to the task, a conclusion strengthened by the fact that FASD and control groups performed similarly on the CPT. This is important as attention is commonly affected in FASD, and is therefore a major concern when performing fMRI studies and interpreting the results (26 -29) . Other researchers have suggested that problems with visual perception (26) and impulsivity (28) may have contributed to poor performance in previous CPT studies.
In standard psychological tests, children with FAS have been shown to identify fewer categories correctly and to make significantly more perseverative errors on the WCST than controls (9, 27 ). While we observed some trends toward better performance on the WCST in adult controls relative to FASD adults (cf. 8), these effects were not strong, and were absent in children. These findings are consistent with the conclusion from Kodituwakku et al. that individuals with FAS can display problems with WM without showing associated problems on tasks requiring rule learning and response inhibition (9) .
The fMRI results in conjunction with the results of the psychological tests suggest impairment in spatial WM in children and adults with FASD. At least two different brain areas show distinctly different activation patterns in FASD participants, relative to controls, suggesting the potential for fMRI as an adjunctive diagnostic tool. Studies involving larger numbers of participants may help to identify sub-groups of affected individuals. The use of fMRI may prove to be of particular importance in cases where diagnosis is difficult to ascertain (e.g., no facial dismorphology and/or unconfirmed history of maternal alcohol consumption) or complicated by the presence of comorbid conditions (i.e., ADHD).
